Calcium sensing receptor (CaSR) mutations implicated in familial hypocalciuric hypercalcemia, pancreatitis and idiopathic epilepsy syndrome map to an extended arginine-rich region in the proximal carboxyl terminus. Arginine-rich motifs mediate endoplasmic reticulum retention and/or retrieval of multisubunit proteins so we asked whether these mutations, R886P, R896H or R898Q, altered CaSR targeting to the plasma membrane. Targeting was enhanced by all three mutations, and Ca 2+ -stimulated ERK1/2 phosphorylation was increased for R896H and R898Q. To define the role of the extended arginine-rich region in CaSR trafficking, we independently determined the contributions of R890/ R891 and/or R896/K897/R898 motifs by mutation to alanine. Disruption of the motif(s) significantly increased surface expression and function relative to wt CaSR. The arginine-rich region is flanked by phosphorylation sites at S892 (protein kinase C) and S899 (protein kinase A). The phosphorylation state of S899 regulated recognition of the arginine-rich region; S899D showed increased surface localization. CaSR assembles in the endoplasmic reticulum as a covalent disulfide-linked dimer and we determined whether retention requires the presence of argininerich regions in both subunits. A single arginine-rich region within the dimer was sufficient to confer intracellular retention comparable to wt CaSR. We have identified an extended arginine-rich region in the proximal carboxyl terminus of CaSR (residues R890 -R898) which fosters intracellular retention of CaSR and is regulated by phosphorylation. Mutation(s) identified in chronic pancreatitis and idiopathic epilepsy syndrome therefore increase plasma membrane targeting of CaSR, likely contributing to the altered Ca 2+ signaling characteristic of these diseases.
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Introduction
The calcium sensing receptor (CaSR) is critical to systemic calcium homeostasis through its actions on the 364 parathyroid, intestine, kidneys and bone [1] . Mutations in human CaSR cause calcium handling diseases which alter the Ca 2+ setpoint for parathyroid hormone secretion. Lossof-function mutations, characterized by a decrease in the apparent affinity of CaSR for extracellular calcium, are the most common, and result in benign familial hypocalciuric hypercalcemia (FHH; OMIM 14598) or in homozygous individuals, a more severe syndrome termed neonatal severe primary hyperparathyroidism (NSHPT; OMIM 239200). Less common are activating mutations of CaSR, which cause autosomal dominant hypoparathyroidism (ADH; OMIM 601298) or Bartter's syndrome type V (OMIM 601199.0035). CaSR is expressed in both the endocrine and exocrine pancreas [2] , and mutations in CaSR [reviewed in 3, 4] as well as the common polymorphism R990G [5] have been linked to pancreatitis in the absence [5] or presence of mutations in other genes predisposing to premature trypsin activation, e.g. SPINK1(N34S) [3, 4, 6] . A link between CaSR mutations and idiopathic epilepsy syndrome was established by multi-generational linkage analysis [7] . The involvement of CaSR mutations in predisposition to chronic pancreatitis and epilepsy were observed in patients without the characteristic derangements in serum calcium or parathyroid hormone [6, 7] that are the signature of systemic Ca 2+ handling diseases, suggesting tissue-specific effects of these mutations.
CaSR is a member of Family C/3 of the G proteincoupled receptor (GPCR) superfamily, which includes metabotropic glutamate, γ-aminoisobutyric acid, taste and pheromone receptors. The human CaSR carboxyl terminus is long (215 residues, from residue K863-S1078), and has no homologies with the carboxyl termini of other Family C/3 members. Disease causing mutations in the CaSR carboxyl terminus are relatively rare [8] . Point mutations linked to chronic pancreatitis as well as idiopathic epilepsy syndrome, FHH/NSHPT or ADH encompass an RXR motif, i.e., R896H [6] and R898Q [7] , which is part of an extended arginine-rich region in the proximal carboxyl terminus of human CaSR, 886 
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. Mutations at R886 (R886P [9] and R886W [10] ) cause FHH/NSHPT. A large inframe deletion of the CaSR carboxyl terminus (from S895 to V1075), which eliminates the RXR motif, causes ADH [11, 12] . We reasoned that since truncations of the CaSR carboxyl terminus have little effect on CaSR signaling to phospholipase Cβ [eg. 13] but increase the amount of CaSR at the plasma membrane [13, 14] , mis-sense mutations most likely alter protein interactions required for regulated trafficking of CaSR through the secretory pathway and/or targeting of CaSR to the plasma membrane. In this report, we characterize the importance of the proximal arginine-rich region of the CaSR carboxyl terminus for regulated release of CaSR from the endoplasmic reticulum and targeting to the plasma membrane. We find that an extended arginine-rich region which includes both RR and RXR motifs contributes to retention of CaSR in the endoplasmic reticulum. A flanking protein kinase A phosphorylation site at S899 contributes to signaling-regulated recognition of the motif, since the phosphomutant S899D leads to increased plasma membrane targeting. All arginine and/or phosphorylation site mutants are functional, i.e., mediate Ca 2+ -stimulated ERK1/2 phosphorylation, leading to the conclusion that the arginine-rich region regulates CaSR signaling by controlling abundance at the plasma membrane. Mutation-mediated increases in plasma membrane CaSR in the concurrent presence of other genetic or environmental risk factors [3, 4] , including moderate to heavy alcohol consumption [4, 5] , may increase the risk for development of chronic pancreatitis. Likewise, increased plasma membrane abundance and/or differential targeting of CaSR in neurons may predispose to idiopathic epilepsy.
Materials and Methods
Generation of CaSR Mutants
Constructs were generated in the background of human CaSR in pEGFP-N1 with an amino terminal FLAG epitope [15] using Pfu ultra polymerase (Stratagene). Truncations in CaSR were generated by inserting a stop codon by PCR mutagenesis. Phosphorylation mutants S892A, S892D, S899A, S899D, S892A/S899A, and S892D/899D and point mutations R890A/R891A, R886P, R896H, and R898Q were generated in full length CaSR by primer-based mutagenesis. Similar approaches were used to generate the R890A/R891A mutant in CaSRΔ898. CaSR(3A) (CaSR(R896A/K897A/R898A)), and CaSR(5A) (CaSR(R890A/R891A/R896A/K897A/R898A)) were generated in the full length CaSR and the CaSRΔ898 truncation using seventy-five base pair complementary oligonucleotides with the appropriate mutations, an XmaI restriction site at the 5' end and a BamHI restriction site at the 3' end. Oligonucleotides were annealed 2 minutes at 94° and cooled to room temperature. Full length CaSR and duplexes were digested with XmaI and BamHI (Promega) for 3 hours at 37 o C, run on 1% agarose gels and purified with the Qiagen QiaEXII kit. Digested and purified CaSR was then dephosphorylated with shrimp alkaline phosphatase (Promega M820A) according to the manufacturer's protocol, and ligated with T4 DNA Ligase (Promega M1801). The entire coding region was sequenced for all constructs (Genewiz).
Transfection and Immunoprecipitation
HEK293 cells (ATCC) were cultured in MEM supplemented with 10% fetal bovine serum and penicillin/ streptomycin in 5% CO 2 and used within 25 passages. Cells were transfected with 2 or 3 µg total DNA in 35 mm dishes using NovaFector (Venn Nova) or FugeneHD (Roche) according to manufacturers' protocol and cultured for 2-3 days. Cells were lysed in 5 mM EDTA, 0.5% Triton X-100, 10 mM iodoacetamide, and protease inhibitors (Roche Cømplete tablets) in PBS. For immunoprecipitation of CaSR, equal amounts of protein were precipitated overnight with M2 anti-FLAG antibody (Sigma) plus protein-G-agarose (Invitrogen). 14-3-3 immunoprecipitations were performed with pan-14-3-3 antibody (Santa Cruz SC-629) plus protein A-agarose (Invitrogen). Samples were eluted in SDS loading buffer ± 100 mM dithiothreitol, incubated at room temperature for 30 min, and run on 7.5% SDS polyacrylamide gels (Criterion, BioRad) and transferred to nitrocellulose for detection.
Western Blotting
Standard protocols were used. Primary antibodies include: rabbit polyclonal anti-LRG epitope for CaSR (custom-generated by Genemed Synthesis, Inc.) or mouse monoclonal anti-ADD epitope for CaSR (Abcam), phospho-p44/42 MAP Kinase (Thr202/Tyr204) antibody and p44/42 MAP Kinase antibody (Cell Signaling). ECL anti-Rabbit IgG, horseradish peroxidase linked whole antibody from donkey (GE Healthcare) or ECL anti-Mouse IgG, horseradish peroxidase linked whole antibody from sheep (GE Healthcare) was used as secondary antibody. SuperSignal West Pico Chemiluminescence Substrate (Pierce) was used to visualize proteins to film followed by scanning to computer and analysis with AlphaEaseFC V. 4.0.0 (Alpha Innotech) or FUJIFilm Luminescent Image Analyzer, LAS4000mini and analysis software.
Enzyme-linked immunoabsorbance assays (ELISA)
HEK293 cells were transfected with 2 or 3 µg total DNA in 6 well plates. Twenty-four or forty-eight hours after transfection, cells were split into 96 well poly-L-lysine coated plates and incubated overnight. A single well of transfected cells was split into 16 wells of a 96 well plate. Cells were fixed with either MeOH (total CaSR) or 4% paraformaldehyde (plasma membrane CaSR) for 15 minutes on ice. All subsequent steps were at room temperature. Cells were washed with TBS-T and blocked for 1 hour in 1% milk/TBS-T, followed by 1 hr incubation with monoclonal anti-FLAG-M2 peroxidase (HRP) antibody (Sigma A8592) according to manufacturer's protocol. Samples were developed with 3,3',5,5'-Tetramethylbenzidine (TMB) Liquid Substrate solution (Sigma T8665) for 30 minutes. The reaction was stopped with 1M sulfuric acid, and absorbances were read at 450 nm. Eight replicates fixed in either paraformaldehyde or MeOH were averaged and background was subtracted (untransfected HEK293 cells fixed with paraformaldehyde or MeOH). Data were normalized to plasma membrane or total abundance of FLAG-CaSR as indicated for specific experiments.
MAPK phosphorylation assays HEK293 cells transfected with 1 µg total DNA in 12 well plates were cultured for 48 hrs, then starved overnight in 0.5 mM Ca 2+ with 0.2% BSA in DMEM. Cells were stimulated with either 0.5 mM or 5 mM Ca 2+ for 10 minutes at 37 o C and immediately harvested on ice into lysis buffer containing 25 mM HEPES, pH 7.5, 5 mM MgCl 2 , 5 mM EDTA, 1% Triton X-100, protease inhibitor (Roche Cømplete tablets), and protein phosphatase inhibitor solutions 1 and 2 (Sigma).
Equal amounts of supernatant protein were run on 4-15% gradient SDS polyacrylamide gels (Criterion, BioRad), and transferred to nitrocellulose for detection by Western blotting. for 10 min and lysates were analyzed for ERK1/2 phosphorylation as described in Methods. C. ELISA assay of arginine-rich region mutations was performed as described in Methods. Plasma membrane (black bars) and total (white bars) protein abundance were normalized to wt CaSR under the same fixation conditions (wt CaSR = 100%, dashed line). Results are the average ± S.E.M. of 3-4 independent experiments. Significant differences between surface and total protein expression for a given receptor mutant are indicated (* p<0.05).
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Fig. 2.
Plasma membrane relative to total receptor abundance of carboxyl terminal truncations of CaSR. A. The human CaSR carboxyl terminus extends from residue K863 to S1078. Truncations were generated over the range from CaSRΔ868 through CaSRΔ1052. ELISA assays were performed on replicate samples fixed in either 4% paraformaldehyde (plasma membrane, black bars) or methanol (total abundance, white bars) as described in Methods. Results were normalized to the abundance of wt CaSR under the same fixation conditions (wt CaSR = 100%, indicated with dashed line). B. Truncations between CaSRΔ886 and CaSRΔ908 were analyzed to resolve importance of arginine-rich region residues. For both A and B, significant differences between plasma membrane and total abundance for a given truncation are indicated (* p<0.05), and results are average ± S.E.M. of 5-8 independent experiments.
Data analysis
Data derived from western blot films were scanned to computer and analyzed with AlphaEaseFC V. 4.0.0 (Alpha Innotech) or FUJI Multigauge V3.0 software. Arbitrary units of immunoreactivity were normalized to wt CaSR from the same blot; normalized data from 3-6 experiments were averaged and plotted ± S.E.M. Significance was determined with the Student's t-test with significance defined as p < 0.05. For ELISA assays, 8 replicate wells were averaged and the intra-experiment standard deviation was less than 5%. Each experiment was corrected for background obtained in untransfected HEK293 cells, and normalized to results obtained for wt CaSR in the same experiment. Overall data from 3-5 independent experiments were averaged, and plotted ± S.E.M. (significance at p < 0.05).
Results
Patient mutations in an arginine-rich region alter plasma membrane abundance of CaSR
To characterize the effects of mutations identified in patients with FHH (R886P [9] ), chronic pancreatitis (R896H [6] ) or idiopathic epilepsy (R898Q [7] ) that cluster in an arginine-rich region of the CaSR carboxyl terminus, we generated each in the background of amino terminal FLAG-tagged human CaSR, and compared protein abundance, function and surface localization relative to wt CaSR. Fig. 1A illustrates a western blot comparing wt CaSR and mutants 72 hrs after transient transfection in HEK293 cells. CaSR is a highly disulfide-linked protein and despite treatment with iodoacetamide during cell lysis and treatment of eluted samples with 0.1 M DTT, some dimer/oligomer is observed on the blots and therefore both regions of the blot are illustrated. The net abundance of all mutants was greater than wt CaSR, and closer examination of the monomeric region of the blot suggests that R896H and R898Q also showed increased abundance of the maturely glycosylated form of the receptor. The endoplasmic reticulum-localized form of CaSR (≈140 kDa) matures in the Golgi to ≈160 kDa, and the abundance of this form is considered synonymous with plasma membrane CaSR [16] . Commensurate with increased abundance of the maturely glycosylated form, both R896H and R898Q mediated extracellular Ca 2+ -stimulated ERK1/2 phosphorylation to levels equal to or greater than wt CaSR (Fig. 1B) , arguing that these mutations induce a gain-of-function phenotype. CaSR mutant R886P showed lower levels of Ca 2+ -stimulated ERK1/2 phosphorylation relative to wt CaSR (Fig. 1B) , despite higher expression (Fig. 1A) , consistent with the diagnosis of FHH [9] . Mutation R898Q has been implicated in idiopathic epilepsy in individuals not displaying overt symptoms of FHH [7] . To explicitly define the effects of these mutations on plasma membrane abundance of CaSR, we used ELISA assays. HEK293 cells transiently expressing CaSR or mutants for 72 hrs were fixed with either 4% paraformaldehyde or ice cold methanol and probed with anti-FLAG antibody to define plasma membrane and total expression, respectively. Fig.  1C illustrates the results. Data for plasma membrane (black bars) and total (white bars) expression of each mutant was normalized to that of wt CaSR and plotted as % of wt abundance. If the mutations have an effect on net abundance but no differential effect on plasma membrane targeting, plasma membrane and total abundance should vary in parallel. If, however, the mutation alters the relative abundance of CaSR at the plasma membrane, there should be a statistically significant difference between surface and total abundance. As illustrated in Fig. 1C , all three mutations selectively increase plasma membrane relative to total abundance (*p<0.05), arguing that the arginine-rich region represents a functional retention motif in the context of the full length CaSR carboxyl terminus.
Truncations confirm the importance of an arginine-rich region in CaSR carboxyl terminus
To confirm that the differential effects on plasma membrane targeting conferred by mutations within the arginine-rich region uniquely contributed to CaSR trafficking, we generated a series of truncation mutants in the background of wt N-terminal FLAG-tagged CaSR, including Δ868, Δ886, Δ898, Δ908, Δ963, Δ981, Δ1024, and Δ1052 (full length CaSR is 1078 amino acids). We used ELISA assays with anti-FLAG antibody to characterize both total and surface receptor abundance, and plotted data as described for Fig. 1C, i .e., normalized as % of wt abundance under each fixation condition. Fig.  2A illustrates that most truncations were expressed at levels equivalent to wt CaSR (dashed line), and exhibited plasma membrane abundance (black bars) proportional to total abundance (white bars). Only truncations Δ963 and Δ908 exhibited increased surface expression relative to total expression, indicating a differential effect on trafficking and/or plasma membrane stability upon elimination of distal residues. The Δ963 truncation is at the distal end of a low complexity disordered region at the proximal end of the filamin A binding site (minimal site 962-981 [17] ). The Δ908 truncation, distal to the arginine-rich region in the proximal carboxyl terminus, is the only other hot spot resulting in differential plasma membrane abundance. To further refine this locus of enhanced plasma membrane abudance, we generated Fig. 3 . Disruptions of arginine-rich region motifs alter CaSR plasma membrane abundance. A. Arginine to alanine mutations were generated in the arginine-rich region (R890A/R891A = 2A; R896A/K897A/R898A = 3A; and R890A/R891A/R896A/ K897A/R898A = 5A) in either full length CaSR or the CaSRΔ898 truncation as described in Methods. B. HEK293 cells transfected with the FLAG-tagged constructs of arginine-rich region mutants were immunoprecipitated with anti-FLAG antibody, and blots were probed with anti-CaSR LRG antibody as described in Methods. Monomer (m) and dimer (d) regions of the blot are indicated. C. HEK293 cells were transfected with full length CaSR, CaSRΔ898 or arginine mutants and stimulated with 5 mM extracellular Ca 2+ for 10 min as described in Methods. Lysates were run on 4-15 % gradient gels, blotted to nitrocellulose, probed for phosphorylated ERK1/2, stripped, and reprobed for total ERK. D. Arginine mutants (2A, 3A, 5A) of full length CaSR were expressed in HEK293 cells and assayed by ELISA at 3 days after transfection. All data were normalized to the abundance of wt CaSR under comparable fixation conditions, as described in Fig. 1 and Methods. Black bars, plasma membrane abundance; white bars, total abundance; dashed line indicates wt CaSR (= 100%). Results are average ± S.E.M. Significant differences between plasma membrane or total abundance for a given receptor mutant are indicated (* p<0.05).
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Cell Physiol Biochem 2010; 26:363-374 additional truncations between Δ886 and Δ908 (Fig. 2B) . The plasma membrane relative to total abundance is increased for truncations Δ894 and Δ895 (which remove an RKR motif), and Δ890 (which disrupts an RR motif). Truncation at Δ898, which preserves the RKR motif and generates a truncated CaSR containing the entire argininerich region, does not alter plasma membrane relative to total abundance. Likewise truncation at Δ886, which removes the entire arginine-rich region, shows no differential plasma membrane abundance. These results suggest that the arginine-rich region containing both RR and RKR motifs may contribute to intracellular retention of CaSR and that the larger truncation at Δ908 may contain additional regulatory elements.
Disruption of the arginine-rich region enhances CaSR plasma membrane abundance
Truncations of the CaSR carboxyl terminus suggest that the proximal arginine-rich region contributes to regulation of plasma membrane CaSR abundance. Because truncations may remove distal modulatory elements which may control the function of the arginine rich region, we generated arginine/lysine to alanine mutations in the region from R890 through R898, including R890A/R891A (CaSR(2A)), R896A/K897A/R898A (CaSR(3A)) and R890A/R891A/R896A/K897A/R898A (CaSR(5A)). The locations of the mutations in the extended arginine-rich region are indicated in Fig. 3A . A similar series of mutants were generated in the background of the CaSRΔ898 truncation. We first examined the expression of the mutants by immunoprecipitation and western blotting, Fig. 3B . Truncation of CaSR at residue 898 reduces the masses of both immature and maturely glycosylated forms by ≈20 kDa. As illustrated on the blot, full length CaSR bearing the 2A, 3A or 5A mutations is expressed at levels similar to wt CaSR, while successive mutation of the arginine-rich motif in the CaSRΔ898 background causes a significant reduction in total expression. Because the arginine-rich region in the proximal carboxyl terminus is close to sequences critical to CaSR function [13, 18, 19] , we determined whether the motif mutants were able to activate ERK1/2 phosphorylation in response to 5 mM extracellular Ca
2+
. Fig. 3C illustrates that in the full length CaSR background, the 2A, 3A and 5A mutants are more active that wt CaSR in mediating ERK1/2 phosphorylation, consistent with the increased amount of mature receptor observed on the western blot (Fig. 3B) . In the CaSRΔ898 background, however, the 2A mutant had activity comparable to wt CaSRΔ898, while the 3A and 5A mutants had significantly reduced activities (Fig.  3C) , likely due to reduced expression levels (Fig. 3B) .
Both the immunoprecipitation results of Fig. 3B and the ERK1/2 phosphorylation assay of Fig. 3C suggest that CaSR mutants 2A, 3A and 5A may have increased plasma membrane abundance. We explored this possibility directly using ELISA assays of transiently transfected HEK293 cells. Fig. 3D illustrates the results, analyzed as described for Fig. 1C, i. e., both plasma membrane (black bars) and total (open bars) abundance of CaSR and mutants were normalized to respective wt CaSR values (dotted lines). All motif mutants in the full length CaSR background, 2A, 3A and 5A, were increased at the plasma membrane relative to wt CaSR, thus the individual motifs within the arginine-rich region between R890 and R898 contribute to the intracellular retention of CaSR. Comparable studies were not done with the CaSRΔ898 mutants, since western blots (Fig. 3B) indicate drastically reduced abundance.
A single arginine-rich region per CaSR dimer is sufficient for intracellular retention
While the combined results of Fig. 1 through 3 argue that elimination or mutation of part or all of the argininerich region increases plasma membrane abundance of the resulting mutants, the effects are modest, i.e., at most ≈25-50% increase in plasma membrane CaSR. Since CaSR is a disulfide-linked dimer, these results are consistent with the notion that the arginine-rich region may represent a "quality control" signal which results in retention of only incorrectly folded or dimerized receptors in which the motif(s) are exposed. We tested this hypothesis using ELISA assays to quantify plasma membrane and total abundance of FLAG-CaSR or FLAGCaSR(5A) when they were expressed as heterodimers with CaSR truncations which eliminate the arginine-rich region. To drive heterodimerization, FLAG-CaSR or FLAG-CaSR(5A) were cotransfected at a 1:2 ratio with the test cDNAs (CaSR, CaSRΔ868 or CaSRΔ886-EGFP), as illustrated in Fig. 4A . The assay quantified only FLAGCaSR or FLAG-CaSR(5A) plasma membrane or total abundance, since cotransfected cDNAs did not contain the FLAG epitope. Regardless of cotransfection partner, FLAG-CaSR showed no significant increase in plasma membrane relative to total abundance (Fig. 4B, left) , suggesting that a single exposed arginine-rich region was sufficient for normal trafficking of CaSR. FLAGCaSR(5A) plasma membrane abundance was increased relative to total abundance, (labeled 5A/pcDNA, Fig. 4B , right), as was seen in Figure 3D . Interestingly, coexpression with wt CaSR was able to attenuate plasma membrane relative to total abundance, again suggesting that a single arginine-rich region on one of the monomers in the dimer is sufficient to confer the normal trafficking phenotype. Heterodimers with no arginine-rich regions, obtained upon coexpression of FLAG-CaSR(5A) with either CaSRΔ868 or CaSRΔ886-EGFP, have significantly enhanced plasma membrane relative to total abundance (Fig. 4B, right) . These results provide unequivocal support for a model in which a single exposed arginine-rich region within the context of the dimer is sufficient for retention/ retrieval of receptors.
Regulation of arginine-rich region-mediated retention by phosphorylation
The arginine-rich region is flanked by two phosphorylation sites, S892 and S899. S892 is a canonical PKC phosphorylation site, conserved in mammals but not in fish, while S899 is a PKA site conserved throughout evolution. To determine whether phosphorylation at either for 10 min and lysates were analyzed for ERK1/2 phosphorylation as described in Methods. C. ELISA assay performed as described in Methods and Figure 1 after 3 days of transfection for phosphorylation site mutants described in A. Plasma membrane (black bars) and total (white bars) protein abundance relative to wt CaSR under the same fixation conditions (wt CaSR = 100%, dashed line) are plotted. Results are average ± S.E.M. of 5-7 independent experiments. Significant differences between surface and total protein expression for a given receptor mutant are indicated (* p<0.05).
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Cell Physiol Biochem 2010;26:363-374 site regulates recognition or utilization of the argininerich region, we mutated both residues individually or in combination to alanine to eliminate phosphorylation or aspartic acid to mimic phosphorylation. First, we examined expression of the mutants by immunoprecipitation, illustrated in Fig. 5A . All mutants expressed at levels comparable to wt CaSR, although the S899D mutant had a stronger band at ≈160 kDa, consistent with enhanced maturation and surface localization. Because phosphorylation at a nearby protein kinase C-specific site, T888, influences CaSR activation and signaling [18, 20] , we determined whether the S892 or S899 mutants affected CaSR-mediated activation of ERK1/2 phosphorylation. As illustrated in Fig. 5B , all mutants were capable of mediating ERK1/2 phosphorylation in response to 5 mM extracellular Ca 2+ to levels equal to or greater than wt CaSR. We therefore used ELISA assays with anti-FLAG antibody to examine the plasma membrane versus total abundance of each mutant relative to wt CaSR, Fig. 5C . Significant effects on plasma membrane abundance relative to totals were observed for the S899D mutant (p<0.05) but not for the S892A or S892D mutants. The effects of S899D were recapitulated in the double phosphomimic mutant, CaSR(SS/DD), while CaSR(SS/ AA) had no effect. These results suggest that phosphorylation at S899 increases CaSR at the plasma membrane and must therefore prevent recognition of the arginine-rich motif(s). Either disruption of the extended arginine-rich region by mutation(s) to alanine (Fig. 3) or the S899D mutation in the presence of an intact argininerich region (Fig. 5) leads to increased plasma membrane abundance of CaSR, confirming that the arginine-rich region represents a functionally important, phosphorylation-regulated retention motif.
14-3-3 proteins interact with CaSR via the arginine-rich region
14-3-3 proteins have been implicated in the phosphorylation-regulated release of RXR motifcontaining membrane proteins from the ER [e.g., 21, 22] . Here we determined whether CaSR interacts with 14-3-3 proteins through the arginine-rich region, and whether the interaction is modulated by phosphorylation at flanking sites. Fig. 6A illustrates the results of immunoprecipitation of endogenous 14-3-3 proteins from HEK293 cells using a pan-14-3-3 antibody, and probing the blot with antiCaSR antibody. We compared wt CaSR, CaSR(5A), the CaSRΔ898(5A) and CaSRΔ868 truncations. Of note is that CaSR coimmunoprecipitating with anti-14-3-3 antibody is the immature form, ≈140 kDa (Fig. 6A) , which suggests CaSR and 14-3-3 proteins interact at the ER and do not remain in a stable complex throughout the trafficking to the plasma membrane. On first inspection, elimination of the arginine-rich region does not appear to significantly decrease the interaction (Fig. 6A) . However, the expression levels of the various mutants varied significantly, and we therefore performed a parallel immunoprecipitation of the same samples with anti-FLAG antibody to assess total CaSR or mutant expression (Fig.  6B) . To quantify coprecipitation, we calculated the ratio of CaSR immunoreactivity precipitated by anti-14-3-3 antibody to CaSR immunoreactivity precipitated by anti-FLAG antibody, and normalized that to the ratio obtained for wt CaSR. As illustrated in Fig. 6C , the arginine-rich region mutant (5A) exhibited significantly lower coimmunoprecipitation with 14-3-3 proteins than wt CaSR (≈45%, *p<0.05). The CaSR carboxyl terminus distal to R898 may contain additional binding site(s) for 14-3-3 proteins, since the truncation mutant CaSRΔ898(5A) shows binding of 14-3-3 equivalent to background, as does CaSRΔ868. The current results suggest that the argininerich region represents a bona fidé site mediating 14-3-3 interactions. Since phosphorylation modulates recognition of the arginine-rich region (Fig. 5) , we determined whether mutations at S892 or S899 affected CaSR interaction(s) with 14-3-3 proteins. We compared the normalized immunoprecipitation of S892A/D and S899A/ D (Fig. 6C) . The phosphorylation mutants showed greater variability in coimmunoprecipitation (large standard deviations), but there was significantly more coimmunoprecipitation of CaSR with 14-3-3 proteins for the S899D mutant than the S899A mutant, while there were no significant differences between the S892A and S892D mutants. The combined results of Fig. 5 and 6 suggest that the protein kinase A consensus phosphorylation site S899 is involved in regulation of the recognition of the arginine-rich region.
Discussion
In this report we have identified a physiologically important arginine-rich region, containing both RR and RXR motifs, in the CaSR proximal carboxyl terminus, which contributes to regulation of plasma membrane targeting. Mutations in the motif increase plasma membrane relative to total receptor abundance, suggesting that the arginine-rich region mediates retention in intracellular compartment(s), most likely the ER. Both motifs have been shown to mediate retention and/or retrieval of membrane proteins to the ER, particularly for multisubunit receptors or channels where they can act as sensors of multimeric assembly [23] . GPCRs use such retention/retrieval motifs as either dimer or folding sensors, allowing release from the ER of only properly folded and dimerized receptors [reviewed in 24, 25] . For wild type receptors therefore, the motifs do not act in an all-ornone fashion, but rather result in retention of only misfolded or improperly assembled receptors [25] . A prime example of this type of quality control is the vasopressin V2 receptor, which is targeted to the plasma membrane despite the presence of an RXR motif in the third intracellular loop, suggesting that the motif is only exposed in receptor mutants [26] . GABA B1 receptors, on the other hand, are retained in the ER through an RXR motif in the carboxyl terminus [27] . Shielding of the motif upon heterodimerization with GABA B2 receptors makes the motif on GABA B1 receptors unavailable to the retention/ retrieval machinery, releasing only heterodimers to the plasma membrane [27] . The arginine-rich region of wt CaSR is a modulatory site. Disruption of the argininerich region results in ≈40-50% increase in plasma membrane-localized CaSR. The presence of a single motif within the context of the CaSR dimer is sufficient to invoke intracellular retention equivalent to wt CaSR. These results are consistent with the possibility that the carboxyl termini of the monomers in the dimer are independently shielded by interaction with the core transmembrane domain in properly folded receptors and/or by specific interacting proteins. Alternatively, higher order interactions among CaSR dimers or phosphorylation-regulated protein interactions may shield the arginine-rich region from the retention machinery. Additional approaches will be required to resolve this issue.
The arginine-rich domain of CaSR is flanked by PKC (S892) and PKA (S899) phosphorylation sites, suggesting that recognition of the arginine-rich domain may be regulated by cellular signaling. Complex regulation by flanking PKA/PKC sites has been demonstrated for NMDA receptors in neurons [28] , requiring both signaling pathways to be activated for efficient trafficking to the plasma membrane. Here we demonstrate that the S899 consensus site for PKA-mediated phosphorylation is critical for increasing CaSR abundance at the plasma membrane. PKA inhibition has only minor effects on CaSR-mediated signaling at the plasma membrane [29] , suggesting that the primary role for PKA-mediated phosphorylation may be in CaSR trafficking rather than function. Plasma membrane-localized CaSR couples to both Gα q -and/or Gα i -mediated pathways, depending upon cell type [30] . Global increases in cellular cAMP may stimulate trafficking of nascent CaSR through the secretory pathway, to ultimately increase plasma membrane CaSR and moderate cAMP levels. Alternatively, a number of adenylyl cyclases are sensitive to Ca 2+ (AC1, AC8 and perhaps AC3 are stimulated by Ca 2+ /calmodulin; AC5 and AC6 are inhibited by Ca 2+ ) [31] . CaSR trafficking to the plasma membrane may be modulated by the balance of stimulatory and inhibitory inputs to adenylyl cyclase, perhaps coupled to subcellular targeting of PKA to the ER by A-kinase anchoring proteins [32, 33] . Finally, CaSR has recently been shown to couple to Gα s in malignant breast epithelial cells [34] and normal pituitary cells [35] , suggesting that CaSR activation may regulate its own release from the ER. The signaling pathways and subcellular localization of protein complexes which regulate PKA-mediated trafficking of CaSR remain to be determined but may represent a novel locus for intersection of Ca 2+ and cAMP signaling pathways. Phosphorylation-dependent binding of dimeric 14-3-3 proteins has been shown to mediate release from the ER of membrane proteins containing arginine-rich motifs [21] . The general model posits that COPI subunits recognize exposed arginine-rich motifs and retrieve proteins to the ER. Phosphorylation at flanking sites facilitates binding of dimeric 14-3-3 proteins to the arginine-rich motifs and, by competition, results in release of membrane proteins to the Golgi and subsequently the plasma membrane [21, 22] . Here we demonstrate the importance of the arginine-rich motif in the CaSR carboxyl terminus for interaction with 14-3-3 proteins, since anti-14-3-3 antibody specifically precipitates the immature form of CaSR. Disruption of the motif by mutation or truncation reduces or eliminates 14-3-3 coprecipitation and enhances plasma membrane abundance of CaSR. Several aspects of 14-3-3 interactions with CaSR are therefore contrary to the developing model for 14-3-3-mediated forward trafficking of membrane proteins, i.e., interaction with 14-3-3 proteins causes retention rather than release of CaSR and further, phosphorylation at a flanking site, S899, does not alter 14-3-3 interactions but does foster forward movement of CaSR to the plasma membrane. Further studies are required to determine whether CaSR interacts directly with 14-3-3 proteins or is targeted by a bridging protein interaction to a larger complex containing 14-3-3 proteins. The physiological role of such a complex in the ER is also an open question. Nevertheless, the current data highlight the importance of the arginine-rich region in formation of a complex which controls release of CaSR from the ER, and which fosters interaction with 14-3-3 proteins.
There is ample evidence for intracellular retention of endogenously expressed CaSR in many cell types, including pancreatic and renal epithelial cells, keratinocytes and neurons [36] [37] [38] [39] [40] [41] . Exit from the ER may therefore be a rate limiting step in CaSR transit to the plasma membrane in vivo as well as in heterologous cells. Many loss-offunction mutations in CaSR prevent trafficking of the receptor to the plasma membrane [42] thereby causing a reduction in CaSR signaling capacity. Gain-of-function mutations are less common, but may produce their phenotype as a result of an intrinsic increase in agonist affinity and/or signaling efficacy or an increase in the number of receptors at the plasma membrane [43, 44] . Here we demonstrate the latter. Both the R896H and R898Q mutations were identified in patients with unconventional diagnoses with respect to CaSR mutations, i.e. chronic pancreatitis [6] or idiopathic epilepsy [7] , respectively. Our results suggest that the mutations disrupt the distal RKR motif of the arginine-rich region, and increase plasma membrane targeting of the mutated receptors, consistent with a gain-of-function phenotype. This conclusion is corroborated by the larger deletion mutation, from S895 to V1075, which was identified in patients with ADH [11, 12] . These results support the physiological relevance of the RKR motif, within the context of the larger arginine-rich region, in the modulation of plasma membrane CaSR expression. The remaining challenge is to characterize the cellular signaling events which regulate CaSR targeting to the plasma membrane.
